INTRODUCTION
Although the sulfur (S) uptake by plants is lower, when compared to phosphorous (P), the sulfur requirement of crops varies significantly, depending on the species and expected yield, at times exceeding that of P, as is the case of soybean, which is more demanding than maize, because of its higher protein content (Broch et al. 2011 , Tiecher et al. 2013 .
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Crop demands for the macronutrient sulfur (S) are similar or greater than those for phosphorous. However, S is often overlooked in the management of crop fertilization. This study aimed to evaluate the effect of sources and doses of S on soybean cultivation under field conditions. A randomized block design, with 4 replications, was used. The treatments were arranged in a factorial scheme with one additional treatment (3 x 5 + 1), totaling 64 experimental units. Sources (elemental sulfur, single superphosphate and agricultural gypsum) and doses (20 kg ha -1 , 40 kg ha -1 , 60 kg ha -1 , 80 kg ha -1 and 100 kg ha -1 ) of S were used, in addition to one control (without fertilizer). The following parameters were assessed: plant height at flowering, 1,000-seed weight, yield and agronomic efficiency, which were affected by the doses and sources of S; number of pods per plant, only affected by the sources of S; and number of pods with 3 seeds, with no statistical difference for any of the treatments. The highest yield recorded was 1,927 kg ha -1 , at the dose of 80 kg ha -1 of S for gypsum, and the greatest agronomic efficiency was observed for the single superphosphate, at the dose of 20 kg ha -1 of S.
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Efeito de fontes e doses de sulfato na cultura da soja soybean farming, as well as a flat terrain, which facilitates mechanization (Almeida et al. 2011 , Neves et al. 2013 ). The literature defines nutritional efficiency in a number of different ways, but the most common components are the nutrient uptake and nutrient use efficiency. In annual crops such as soybean, and for the low-fertility soils found in the Brazilian Savannah, the nutrient use efficiency is more important than uptake efficiency. However, both characteristics should be incorporated, in order to increase nutritional efficiency (Fageria 1998) .
The application of fertilizers or isolated nutrients (source only), as opposed to compounds, may provide better returns for farmers. As such, the introduction of sulfur as an isolated nutrient for crops is a new approach for research, although recent studies have analyzed different sources and doses of S (Rheinheimer et al. 2005 , Richart et al. 2006 , Broch et al. 2011 , Chien et al. 2011 , Karimizarchi et al. 2014 . Moreover, it is important to underscore that S acts directly on essential amino acids, and that its absence delays plant growth, as well as the synthesis of proteins present in seeds (Broch et al. 2011) .
Although about 70 % of the global sulfur production is obtained from elemental S (Lopes et al. 2010) , the major sources used directly in agriculture are single superphosphate, ammonium sulfate and gypsum (calcium sulfate) at 12 %, 24 % and 15 %, respectively. Single superphosphate is favored for its high solubility in water, with a S-SO 4 2-content varying 8-12 %, making it easily available to crops, when compared to sources such as elemental S (Broch et al. 2011 , Heydarnezhad et al. 2012 .
Elemental S may be an option, due to its high content of S (85-99 %). An example of fertilizer on the market with this concentration is Sulfururgan, with 90 % of elemental S. However, its release is slow in the soil, with respect to other fertilizers containing S, as it needs to undergo an oxidation reaction in the soil to become available, being transformed into SO 4 2-. This reaction causes a small acidification around the fertilizer particle, slightly reducing the pH of the soil, and this reduction may be effective in the dissolution of essential nutrients, causing these nutrients to be released for absorption in the rhizosphere area of the plant (Heydarnezhad et al. 2012 , Karimizarchi et al. 2014 .
The macronutrient sulfur (S-SO 4 2-), present in agricultural gypsum, has been used in fertilization programs, but its efficiency in allowing a nutrient displacement underground promotes a nutrient availability throughout the soil profile, favoring the movement of some nutrients to deeper layers and increasing soil Ca and S levels (Pauletti et al. 2014) .
In this respect, the present study aimed to assess the effect of sources and doses (broadcast application) of S on soybean cultivation, in the Brazilian Savannah.
MATERIAL AND METHODS
The experiment was conducted under field conditions, during the 2015/2016 growing season, in a farm at the Serra do Quilombo region, in Bom Jesus, Piauí state, Brazil (09º15'17"S, 44º47'72"W and altitude of 630 m). The predominant soil in the study area is a Dystrophic Yellow Latosol (Oxisol), deep and well-drained, with a flat relief (Santos et al. 2013 ; and V = 51 %. In terms of composition, the soil consists of 17 %, 76 % and 7 % of clay, sand and silt, respectively, and is classified as sandy. A randomized block design, with 4 replications, was used. The treatments were arranged in a 3 x 5 + 1 factorial scheme, evaluating the effects of two or more treatments at the same time, as well as an additional treatment (control), i.e., three sulfur treatments [elemental sulfur (90 % of S), single superphosphate (10 % of S) and gypsum (15 % of S)], five doses of S (20 kg ha -1 , 40 kg ha -1 , 60 kg ha -1 , 80 kg ha -1 and 100 kg ha -1 ) and a control (without sulfate fertilization). Each plot was divided into four quadrants, using a rope, and the fertilizer was applied by broadcasting at 30 DBP. Each plot contained six 5.0-m-long rows, and the area of each plot was obtained by disregarding two rows on each side and allowing a 1.0-m border around the edge, forming a study area of 5.4 m 2 per plot. The soybean cultivar used in the experiment was the ST 920 RR, with planting carried out in January 2016, using a seeder/fertilizer calibrated for 16 plants m -1 and spacing of 0.45 m. With respect to fertilizer, at 40 DBP, 180 kg ha -1 of potassium chloride were distributed (broadcast application), followed by 220 kg ha -1 of NPK (10:49:00) in the furrows at the time of planting. At 15 days after planting (DAP), manual thinning was performed, to maintain a population of 9 plants m -1 in the experimental area, totaling 200,000 plants ha -1 . The crop treatments and phytosanitary management of the plots were in line with the procedures adopted for commercial soybean crops, including the pest and disease monitoring, chemical weed control and application of insecticides, fungicides and plant hormones.
Plant height at flowering was assessed at 60 days after emergence (DAE) (phenological growth stage R2), by randomly selecting 10 plants from the study area of each plot and measuring their length, in meters, from the ground to the end of the main stem.
At 120 DAE (growth stage R8), manual harvesting was performed one week after 95 % of plants exhibited mature pods. The average yield was assessed by weighing the grains harvested in the study area of the plot and extrapolating the values recorded to kg ha -1 . The number of pods per plant, number of pods with 3 seeds and 1,000-seed weight were also evaluated at harvesting. For evaluating the number of pods per plant and number of pods with 3 seeds, 10 plants were randomly selected at harvesting, in order to calculate the average for each plot.
Yield data were used to determine the agronomic efficiency, as proposed by Fageria (1998) , which is an indicator of the yield (grains, in the case of annual crops) per unit of nutrient applied, in this case sulfur, calculated using the following equation: AE = (SYwf -STwof)/(ANa), where: AE = agronomic efficiency (kg kg -1 ); SYwf = seed yield (kg ha -1 ) with fertilizer; SYwof = seed yield (kg ha ). The data were submitted to analysis of variance and, in the event of differences between treatments on the application of the F-test, regression analysis was performed for S doses, while the sources were compared using the Skott-Knott test (p < 0.01 or p < 0.05). All the statistical calculations were carried out using the Sisvar and R softwares.
RESULTS AND DISCUSSION
The analysis of variance (Table 1) for plant height at flowering, number of pods per plant, number of pods with 3 seeds, 1,000-seed weight and yield made it possible to assess the statistically significant effect (p ≤ 0.01) of sources, doses, sources * doses and control * factorial design, in relation to yield. The plant height at flowering showed the same significant effect in yield variables, except for the sources * doses interaction, which was not significant. The 1,000-seed weight was significant (p ≤ 0.01) for sources and doses, and the number of pods per plant was significant (p ≤ 0.05) for the variable source, but the number of pods with 3 seeds showed no statistical difference.
The sources differed statistically for plant height at flowering, with single superphosphate and gypsum producing the tallest plants, followed by elemental S and the control, which exhibited the lowest plant height at flowering measurements (Figure 2a) . The plant height at flowering response to the doses studied is represented by the linear model, with values ranging 0.60-0.72 m (Figure 2b ). The plant height at flowering values were lower for the elemental sulfur treatment than for gypsum, possibly because the elemental S present in the fertilizer used here must undergo oxidation in the soil and be converted into SO 2- , in order to be available to plants, and is therefore released into the soil more slowly than in gypsum and single superphosphate (Chien et al. 2011) . However, the single superphosphate and gypsum sources contain other elements in their composition, i.e., the single superphosphate contains P and gypsum Ca, and there may also be an additive effect between S and P (Salvagiotti at al. 2017) .
The variable 1,000-seed weight differed statistically, in relation to sources (Figure 2c) , with the highest weights recorded for elemental sulfur ns , * and ** Not significant and significant at p < 0.05 and p < 0.01, respectively, according to the Scott-Knott test. (average of 140 g). This result contradicts the findings of Richart et al. (2006) , who observed no statistical difference for this variable in soybean crops. A significant effect (p < 0.05) on 1,000-seed weight between S doses, where the best fit to the data was the quadratic model, indicating a decline in the 1,000-seed weight with a rise in the sulfur dose and peak weight at a maximum dose of 39 kg ha -1
, is shown in Figure 2d . A higher sulfur dose did not increase the 1,000-seed weight. Although Richart et al. (2006) reported a rise in sulfur concentration in the soil with increased sulfur doses, this did not occur in the present study, likely due to sulfur leaching, since S levels in the soil were very low, i.e., below the minimum level of sustainable nutrition for sulfur (5.0 mg dm -3
). The number of pods per plant differed according to the sources used, with single superphosphate producing higher number of pods per plant values and non-significant values for number of pods with 3 seeds (Figures 3a and 3c) , contrasting with what was observed by Richart et al. (2006) and Carvalho et al. (2011) , who found no difference for these variables in soybean crops. There was no statistical difference between S doses for the number of pods per plant and number of pods with 3 seeds (Figures 3b and 3d) . According to studies with soybean conducted by Nogueira et al. (2012) , phenotypic and genetic correlations and path analysis indicated that the number of pods per plant has a more favorable effect on soybean seed yield.
Yield was influenced by both sulfur sources and doses. Researches carried out in other regions of the country also found that different sources and doses of sulfur may affect the soybean crop yield (Broch et al. 2011 , Pauletti et al. 2014 .
The results observed for yield confirm that the soybean crop responded to the application of S doses and sources (Figure 4a ). The equations found showed a quadratic fit to the three sources used (single superphosphate, gypsum and elemental S), with maximum yield reached at 66.2 kg ha -1 , 91.0 kg ha -1 and 31.6 kg ha -1 of S, respectively. Seed yield varied 1,363-1,927 kg ha -1 , at a dose of 80 kg ha -1 of S, for elemental S and gypsum. These results corroborate those of Broch et al. (2011) , who used 40 kg ha -1 of S from gypsum, elemental S and single superphosphate, and found statistically equal soybean yields, with all treatments exhibiting an average yield above 3,100 kg ha -1 . By contrast, Rampim et al. (2013) studied the effect of gypsum on available P and S levels in the Paraná state and found no significant difference for soybean yield.
The results for yield (Figure 4a ) differed from those recorded by Rheinheimer et al. (2005) , who found that SO 4 2-doses up to 60 kg ha , representing a 58 % decline, in relation to the previous season, due to adverse weather conditions in the state. In general, the average yield in the present study was below that observed in other studies in the same region of the Piauí state (Leite et al. 2015 , Bohn et al. 2016 .
The S application using single superphosphate produced a greater agronomic efficiency (Figure 4b ), particularly at a dose of 20 kg ha -1 , with a 7.8 kg gain in soybean grains for every kilogram of S applied in the area. By contrast, gypsum produced higher agronomic efficiency at sulfur doses of 60-80 kg ha -1 . This result can be explained by the fact that sulfate-based sulfur sources, such as gypsum, are more efficient in the initial years of cultivation, whereas the efficiency of elemental sulfur sources increases over the years (Heydarnezhad et al. 2012 , Stamford et al. 2015 .
The higher performance of soybean crop fertilized with single superphosphate and gypsum may also be explained by the additional nutrients (P and Ca, respectively) provided by these fertilizes. Single superphosphate has 21 % of P 2 O 5 , while gypsum has 32% of CaO. The addition of P and Ca by these fertilizers may explain the higher performance of soybean, in terms of yield and agronomic efficiency (Figure 4) , when compared to the fertilization with elemental S (Salvagiotti et al. 2012 and 2017) . CONCLUSIONS 1. Plant height at flowering, 1,000-seed weight and yield are influenced by doses and sources of S, whereas the number of pods per plant is only affected by the source, and the number of pods with 3 seeds shows no statistical difference; 2. The additive effect of P and Ca present in the single superphosphate and gypsum, respectively, may have increased yield, relatively to elemental sulfur; 3. The highest agronomic efficiency is recorded for single superphosphate at a dose of 40 kg ha -1 of S. 
